Estimation of the geometric parameters of blood vessels is an important stage in the diagnosis of many cardiovascular diseases. In this work, we describe a method for estimating the diameter of blood vessels based on a modified local fan transform. We present experimental results that show in which way the accuracy of blood vessel estimation is affected by the noise-to-signal ratio in the image under analysis, vessel curvature radius, and the number of points and angles over which the averaging is done. The method is experimentally shown to be immune to various types of noise, structural complexity of the object, and variations in the vessel curvature radius.
Introduction
Early detection, analysis, and timely treatment of eye pathologies are critical in the prevention of eye-sight loss. Automatic detection and classification of eye diseases have recently become an important area of research, showing a tremendous potential for the early treatment of eye diseases [1, 2] .
Glaucoma is a severe pathology of the eye which can be diagnosed by analyzing the state of the optic disk, or more precisely, the relationship between vascular parameters of different areas. By studying the derived information, the eye image can be classified as normal or containing a pathology. In a most quick way, the pathology can be detected by estimating the blood vessel width [3, 4] . According to modern data, the deviation of the diameter of a pathological vessel from a normal one is just about 20%. This fact is a major motivation behind the development of most precise methods for estimating the retinal arterioles.
The vascular disease is diagnosed using diagnostic features based on the geometric parameters of vessels. Among most important parameters are the vessel's diameter and direction.
Recent years have seen the development of many image processing algorithms aimed at analyzing both the vascular system in general and the optic disk, in particular. The algorithms use different approaches and have their benefits and shortcomings [5] [6] [7] [8] [9] [10] [11] [12] . The algorithms based on a complex continuous wavelet-transform [12] are best suited for describing the structure of lines in different directions. A method for estimating vascular parameters proposed in [13] relies on mathematical morphology as an instrument for extracting image fragments suitable for the description of boundaries and skeleton of a vessel. The method utilizes a sparse representation of signals. In [13] , each signal is assumed to be composed of a linear combination of several morphologically different components. The final map of a vessel is constructed using an adaptive threshold method. The method was shown to perform well in detecting anomalies and pathologies in the retina image. When used on their own, a major disadvantage of the morphological techniques is that they disregard the information on the vessel profile shape. Besides, while searching just for elongated structures, heavily twisted vessels can be missed out.
A method for estimating the vessel diameter using an algorithm based on a parametric model of an arbitrarily complex-shaped vessel was reported in Ref. [14] . The automatic algorithm is capable of segmenting the entire vascular tree, calculating vessel's diameter and direction in a digital ophthalmologic image. An algorithm that utilizes a new parametric surface model of the vessel intensity profile was described in Ref. [15] . Compared to other methods, the said method offers an advantage of robustness, whereas, as the authors mention, on the negative side is the dependence of the results on the test data and experimental conditions. If vessel diameters in the test data vary in a wide range, the measurement accuracy significantly deteriorates. Other approaches to measuring the diameter of vessels rely upon the approximation of the vessel brightness profile. With the vessel brightness normally having a Gaussian profile, a Gaussian curve is often used to approximate the vessel crosssection [16, 17] . However, with the diseased vessels tending to have well pronounced boundaries, their profile looks like a combination of two Gaussians, making it difficult to measure their diameter in an automatic mode and creating a possibility to falsely recognize a single vessel as two ones.
In this work, we propose a method for estimating local parameters of a fundus vascular system that exploits a modified fan transform, which is more noise-immune thanks to the additional filtering and noise averaging. Another advantage is that the method can perform a high-efficiency analysis of bifurcations, crossovers, and termination of vessels in the presence of interfering factors, such as close vessels.
A modified local fan transform
We introduce a modified local fan transform (MLFT) intended to operate with real-life low-quality vascular network imagery, which is well suited for processing images characterized by spots and closely spaced vessels..
With this method, the brightness distribution function is analyzed sector-wise depending on the sector's radius, size, and rotation angle (Fig. 1а) [2] . For each sector's position, the following local parameters are calculated: the average value and variance of the brightness function   , f x y . By analyzing these parameters as a function of angle, it is possible to detect the vessel in a given point, estimating its width and direction.
A modified LFT is defined by the following formulae: (1) [ ] 
Estimating the local direction of a vessel
The MLFT-aided method enables a local vessel direction to be evaluated. When compared with the LFT-aided approach, the MLFT method enables the radial profile with more pronounced minima to be obtained, with the local minima corresponding to bifurcation directions (Fig. 2) . Thus, for a vessel direction to be identified, an optimization problem of searching for minima needs to be solved for each angle-dependent radial profile for a specific radius [2] . The algorithm operates by analyzing a list of directions, which represents a vector for each radius, with its length being equal to the number of directions and its magnitude taking a unit value if a bifurcation is detected and being zero otherwise. The list of directions may contain regions of constant values equal to unity. This is the indication of detecting a bifurcation with larger-than-pixel width. In this case, the unit value is taken just at the central region's pixel.
Estimating the vessel width
The vessel width will be evaluated using an LFT and on the assumption that the vessel is in parallel with the OX-axis (Fig. 3) . Let us analyze a set of equations ( Fig. 3b) :
Here, the angle a is such that the interval of integration intersects both boundaries of the vessel. Hence, the diameter can be evaluated as
In practice, diameter components With 
To enhance the accuracy of estimating the diameter components, a value averaged over N  different angles will be considered. Below, an estimate for a single diameter component is given: (3) and (5) are employed in a straightforward manner, the components of the ray and fan transforms ( , ) Fr a [2, 7, 9 ] taken for a heavily noised vascular image can be calculated with an error, resulting in an incorrectly evaluated vessel's diameter. To avoid this in this work, the values of the LFT are averaged over points located uniformly on the perpendicular line of integration. Figure 4 illustrates the process of averaging three ray transform components. 
Experimental study
We analyzed in which way the accuracy of estimating the vessel diameter depends on the noise-to-signal ratio for additive white noise. Figure 5 shows the relative diameter estimation error as a function of the noise-to-signal ratio:
  The study conducted on synthetic images has shown the method for estimating local parameters to be immune against the additive noise. For instance, the error of estimating the local diameter was found to be not larger than 8% given the noise-tosignal ratio under 0.25. The average vessel diameter estimate as a function of vessel curvature is shown in Fig. 6а . As test vascular images, we utilized the images of an annular sector 11 pixels in width and inner circle radius ranging from 20 to 60 pixels. A same-width straight-line segment (of infinite curvature radius) was also analyzed in order to determine an "estimated width". From the above plots, the error of width determination is seen to increase with increasing vessel curvature. Figure 7 depicts in which way the average vessel diameter estimate depends on the number of averaging points (see section 4, Fig. 4 ), given the signal-to-noise ratio equal to 25. The experimental results have shown that with the number of averaging points increasing to 13, the error falls from 0.1 till 0.02. Figure 8 shows the diameter estimation error against the number of averaging angles (scanning sector size) with the r.m.s. signal-to-noise ratio, respectively, equal to 15 and 25. The experimental study showed that the greater is the volume of data used for averaging, the more reliably is the width estimation due to additional filtering of noise.
The experimental study showed that the estimation error can be essentially reduced by performing the averaging over a designated circumference sector of a local fan transform. As a disadvantage, we can mention that this approach is sensible to the highly curved vessels and the inability of the algorithm to be adjusted to the vessel and background brightness.
The directions were evaluated in a noisy 1024 x 1024 image ( Fig. 9 ) with bifurcations uniformly located along the x-and yaxes. The general number of objects was 2,304. A comparative study of the following methods for vessel direction and bifurcation identification was conducted: a direct method for direction identification (KM method), a method of a local discrete Radon transform, a method of a local discrete fan transform (LDFT) and a modified LFT [2] . The worst results were demonstrated by the algorithm based on the Radon transform variance estimation, because a classical Radon transform is unable to discern two opposite directions, thus leading to numerous cases of false recognition and the increased number of missed-out objects. The analysis showed that compared to other methods, the MLFT provides the least error of bifurcation angle estimation and the least error of false bifurcation recognition, is able to recognize correctly a larger proportion of bifurcations and the most stable to white noise.
Conclusion
Estimation of local blood vessel parameters used to form diagnostic features is a major problem of modern medicine, enabling an early diagnosis of various vascular pathologies. In this work, we have proposed a method for vessel diameter measurement that exploits a local fan transform. The method is based on the Radon transform, which is modified in such a way that bifurcations, crossovers, and terminations of vessels can be efficiently analyzed in the presence of interfering factors, including spots and close vessels. By analyzing the average brightness and variance of the radial function against the angle, vessel's width and direction can also be estimated and bifurcation points identified. To enhance the robustness, the transform is performed for a range of radii. The developed algorithm is stable to noise and disturbances, enabling bifurcations, crossovers, and terminations of vessels to be analyzed with high efficiency in the presence of interfering factors. The results of experiments have been discussed, showing in which way the accuracy of vessel width estimation is affected by the noise-to-signal ratio in the image under analysis, the vessel curvature, and the number of points and angles of averaging. The proposed method has been experimentally confirmed to be stable to various types of image noise.
The worst results have been shown by the estimation technique based on the Radon transform variance estimation because a classical Radon transform is unable to discern between two opposite directions, leading to a large number of false identifications and increased number of missed objects.
